We introduce an integer programming-based approach to vessel network extraction that enforces global physiological constraints on the vessel structure and learn this prior from a high-resolution reference network. The method accounts for both image evidence and geometric relationships between vessels by formulating and solving an integer programming problem. Starting from an overconnected network, it is pruning vessel stumps and spurious connections by evaluating bifurcation angle and connectivity of the graph. We utilize a high-resolution micro computed tomography (µCT) dataset of a cerebrovascular corrosion cast to obtain a reference network, perform experiments on micro magnetic resonance angiography (µMRA) images of mouse brains and discuss properties of the networks obtained under different tracking and pruning approaches.
SEGMENTATION: I → P (I)
Transform image intensities into confidences indicating the local presence of a vessel-like structure:
Segmentation framework [1] • Local filter responses (Gaussian derivatives) • Random forest 
PHYSIOLOGICAL MODEL
Parametric model of exponential and Gaussian distributions to reward or penalize segments that continue or branch depending on their geometrical relation:
• γ : deviation and inner angles • Radius estimates to determine orientation → likelihood ratios in geometric-physiological part of cost function. Learning of the physiological model. The high-resolution micro computed tomography (µCT) dataset is processed with the standard method (segmentation [1] and skeletonization [2] ) to obtain the network graph G µCT (V, E). Then, we compute the geometric features γ on G µCT (V, E) of continuing and branching segments in order to infer the physiological model Θ.
RESULTS
Extraction of networks from all four in-vivo µMRA:
• Comparison of macroscopic properties.
• Optimized networks vs.
thinning-based networks (alternative, [1, 2] )
→ thresholds from low to high. • Optimized network (opt) groups with the physiologically more plausible in each case! 2. OVERCONNECT:
Construct an overconnected graph representing segments by centerline and radius estimates from the confidence volume:
1. multiple thresholds 2. thinning [2] 3. merge 
OPTIMIZE: G over (V, E) → G(V, E)
Remove unphysiological segments by optimizing globally under physiological constraints: 
The optimal solution x * is obtained by trading image evidence with expected geometric shape of a vessel network, a trade-off that can also be adjusted using parameter α > 0. During optimization:
• Auxiliary variables and constraints to obtain a linear cost function → Substitute second and third order terms.
• Dynamic handling of subproblems.
• Connectivity constraints if necessary.
CONCLUSION
We have introduced a regularization method for vessel networks and presented experiments on µMRA images where we learned the physiological-geometric prior from a high-resolution corrosion cast µCT of a murine cerebrovascular network. Our method can be applied as post-processing step to existing vessel segmentation pipelines in order to incorporate physiological knowledge for improved network extraction. It is easily extendable to other physiological prior, for example considering vessel shape, length, network structure or prior learning, and it can also be combined with other geometrical or physiological re-and over-connection schemes. 
